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General Introduction  
  Since 1970s, the daily worsening environment pollution and energy shortage have 
attracted the world`s attention. To solve these problems, the development of both 
pollution-free technologies for environmental remediation and alternative clean 
energy supplies is an urgent target. There are lots green earth and renewable energy 
projects underway. Among them, semiconductor photocatalysis as a promising 
technology has received much attention. Because it can utilized the energy of sunlight, 
which is abundantly available everywhere in the world. The applications of 
photocatalysis are wide, such as following fields: (a) photolysis of water to yield 
hydrogen fuel; (b) photo-decomposition or photo-oxidation of hazardous substances; 
(c) artificial photosynthesis; (d) photo-induced super-hydrophilicity; (e) 
photoelectron-chemical conversion, etc. 
 
1. Fundamental principles of semiconductor 
  From the point of view of photochemistry, the semiconductor photocatalyst can 
initiate or accelerate specific reduction or oxidation reactions. When the 
semiconductor absorbs proper light and the consequent photoexcitation of 
electron-hole pairs take place if the energy of the incident photons matches or exceeds 
the bandgap [1-3]. The conduction band (CB) electrons (ecb
-) of semiconductor have a 
chemical potential of +0.5 to 1.5 V versus the normal hydrogen electrode (NHE), 
hence they can act as reductants. The valence band (VB) holes (hvb
+) exhibit a strong 
oxidative potential of +1.0 to +3.5 V versus NHE. Initially, the energy of incident 
photons is stored in the semiconductor by photoexicitation. Then it is converted into 
chemical form by a series of electronic processed and surface/interface reactions. 
  In general, the photocatalytic cycle is comprised of three parts shown in Figure 1. 
Firstly, illumination induces a transition of electrons from valence band to the 
conduction band, generating an equal number of vacant holes. Secondly, the excited  
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Figure 1. Shcematic illustration of basic mechanism of a semiconductor 
photocatalytic process.  
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electrons and holes migrate to the surface. Thirdly, they react with absorbed electron 
donors (D) and electron acceptors (A), respectively. However in the second step, a 
large proportion of electron-hole pairs recombine, dissipating the input energy in the 
form of heat or emitted light. So to prevent the recombination of electron-hole pairs, 
the approach that has generally been applied is to load co-catalyst such as Pt, Pd, NiO 
and RuO2 on the surface of semiconductor. The semiconductor and the co-catalyst 
provide an internal electric field that facilitates separation of electron-hole pairs and 
induces faster carrier migration. In addition, these co-catalysts exhibit better 
conductivity, lower overpotential and higher catalytic activity than the host 
semiconductor, thus they often act as ideal active sites for photocatalytic reactions to 
proceed. 
 
2. History of photocatalytic materials 
  Since Fujishima and Honda reported that TiO2 can be used to catalytically 
decomposed H2O to produce hydrogen under light irradiation 
[4], many researchers 
were focused on the study of TiO2 photocatalysis such as enhancing the photocatalytic 
efficiency and expanding the applications. Besides applicant in splitting water, many 
other applications had been found from subsequent research, such as the elimination 
of organic/inorganic pollutants, wastewater purification, disinfection, self-cleaning, 
synthetic organic fuel and so on [5-7].  
  However, it met the limit which the band gap of TiO2 is too wide (3-3.2 eV) to 
absorb visible light. This had become a fatal flaw in photocatalyst development, 
because visible light contains the most energy of sunlight (more than 95% of the total 
solar energy). Various modification methods had appears, such as morphology 
controlled [8, 9], elements doped [10, 11], noble metal loaded, the addition of quantum 
dots, dyes [12, 13] on the surface and so on, moreover research is ongoing until now. 
  Simultaneously other kinds of semiconductor also had been developed and used as 
photocatalyst. Most of semiconductors are oxide (SrTiO3 
[14, 15] and WO3 
[16]), and the 
oxides are facing the same problem that because of oxygen their CB position is almost 
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fixed in a high level, so that the position of VB is very awkward. If VB locked in high 
position, light absorb region will blue shift to UV, if VB locked in low position, it 
exhibit low reduction ability. 
  In recent years, carbon nitrides which only consist of carbon and nitride atoms are 
promising visible-light-responsive photocatalyst. 
 
3. Graphitic carbon nitride 
3.1. A brief introduction of g-C3N4 
  A number of carbon nitride phases such as α-C3N4, β-C3N4，cubic-C3N4，p-C3N4 and 
graphitic carbon nitride (g-C3N4) have been theoretically predicted or intuitively 
suggested by several authors (Scheme 1.) [17]. g-C3N4 is the most stable allotrope of 
carbon nitride among these hypothetical phases of carbon nitrides, and has attracted 
much attention in recent years [17-20]. The tri-s-triazine ring structure and the stacking 
with optimized vander waals interactions between the single layers of carbon nitride 
makes it highly stable with respect to thermal (up to 600 oC in air) and chemical 
attack (acid, base and organic solvents) [21-23]. Moreover, g-C3N4 has the smallest 
direct band gap and nontoxic due to the sp2 hybridization of carbon and nitrogen 
forming the π-conjugated graphitic planes. g-C3N4 can be synthesized by earth 
abundant polymerization of cyanamide, dicyandiamide or melamine (Scheme 2)[24, 25]. 
 
3.2. g-C3N4 photocatalytic application  
  Since Wang et al. had reported that g-C3N4 exhibited activities for water reduction 
into H2 or water oxidation into O2 in the presence of a proper sacrificial electron 
donor or acceptor even in the absence of noble metal catalyst [26, 27]. Owing to its 
structural, g-C3N4 contains all the prerequisites required for a heterogeneous 
photocatalyst. The appropriate band gap energy (2.7 eV) of g-C3N4 is sufficient large  
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Scheme 1: Crystal structure models proposed for carbon nitride: (a) α-C3N4; (b) 
β-C3N4; (c) Cubic C3N4; (d) Pseudocubic C3N4; (e) a graphitic-C3N4 sheet based on 
melamine building blocks; and (f) a graphitic-C3N4 sheet based on melem building 
blocks.  
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Scheme 2. Reaction path for the formation of g-C3N4 staring from cyanamide.   
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to overcome the endothermic character of water splitting reaction, which normally 
requires four photons with an average energy of 1.23 eV. 
  g-C3N4 is a key catalyst for the development of metal-free catalysis. Recent work 
has indeed shown that or its modifications are suitable metal-free catalysis in 
oxidation [28]. It had successfully applied in the oxidation of alkanes, olefins, and 
alcohols [29-33]. Although the efficiency of g-C3N4 solids is low for competitive solar 
cells, it is also a promising candidate for solar cells compared with some classical 
light-harvesting system. 
 
3.3. Modifications of carbon nitride 
  g-C3N4 or its modifications have provided new opportunities in practical 
applications, including artificial photosynthesis, oxidation and reduction reactions and 
so on. However, the catalytic activity of g-C3N4 is still very low. The bulk g-C3N4 
suffers from small specific surface area and incomplete poly-condensation, which is 
generally different from batch to batch. 
  To increase specific surface area of g-C3N4 is considered as one of the way to 
increase photocatalytic activity. Actually, high specific surface area g-C3N4 was 
already published which has higher photocatalytic activity, by nanocasting (hard 
template methods) [34], two-step heating method [35], exfoliation method [36] and so on. 
Another way of achieving control in solid materials is by elemental doping, which is 
usually used in tailoring the texture and surface chemical properties. Effects of doping 
carbon nitride with boron, fluorine, sulfur, and other elements (metal elements) are 
well documented [37-41]. g-C3N4 composite with other photocatalyst or dye is 
considered as a promising strategy to extend photocatalytic activity [42, 43]. 
  It is still not very clear how g-C3N4 interacts with reactants and products and how 
carbon nitride really influences the relevant reactions. To reach a more fundamental 
level, a basic understanding of physicochemical properties of carbon nitride is needed. 
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4. Tungsten oxide 
  Tungsten oxide is an n-type semiconductor having attractive properties, especially 
as photochromic and electrochromic materials, and novel potential applications for 
using as gas sensors [44], electrochromic devices [45], and photocatalysts [46-48]. Along 
with the research and development of photocatalytic, WO3 is considered as one of 
photocatalyst to substitute TiO2. Contrast with conventional photocatalysts like TiO2, 
ZnO2 and so on, WO3 has a smaller band gap (2.4 eV to 2.8 eV) and a larger range of 
light absorption, more efficient use of solar radiation energy (accounted for nearly 
half of the visible light), the volume effect, surface effect, quantum size effect and 
macroscopic quantum tunneling effect are significant. Moreover, WO3 has high 
electron mobility, abundance, and low cost. However, its low 
photoelectric-conversion efficiency and poor stability limit its practical applications 
[49]. 
 
5. Purpose of the research 
  It is rather challenging to design a semiconductor photocatalyst fulfilling the 
multiple requirements. Actually, single semiconductor with large visible-light 
absorption has difficulty in exhibiting both high reduction and oxidation ability due to 
its narrow bandgap structure. Z-scheme mechanism enables composite photocatalyst 
to utilize both reduction ability for one semiconductor and oxidation ability for 
another semiconductor as a result of two-step excitation. Therefore, the composite 
photocatalyst consisting different kinds of semiconductors has been studied in recent 
years. Graphitic carbon nitride (g-C3N4) have high reduction ability but low oxidation 
ability under visible-light irradiation, and tungsten(VI) oxide (WO3) is well-known as 
oxidation part photocatalyst for water splitting. Therefore, in this study WO3 and 
g-C3N4 were hybridized using a planetary mill in order to improve photocatalytic 
activity by Z-scheme. Furthermore modified g-C3N4 for improve photocatalytic 
activity. 
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  To improve the photocatalytic activity of g-C3N4, one way is to enlarge its surface 
area. Fortunately, the morphology control and increase of specific surface area can be 
performed simultaneously. In this paper, an enlargement of specific surface area of 
g-C3N4 was performed by a simple two-step condensation method using hydrothermal 
treatment melamine in water then calcination in high temperature. 
  g-C3N4 has low photocatalytic activity in decompose pollutant, one of reason is due 
to low conduction band of g-C3N4. The low conduction band resulting in low 
oxidation ability that directly effects of recombination rate. Synthesize 
melamine-cyanurate in frame of g-C3N4 will not only lead the conduction band 
transferred to more positive position, but also separated the oxidation and reduction 
side of g-C3N4 to increase photocatalytic activity. 
  To improve the photocatalytic activity of WO3, one way is to consumer the 
electrons generated by light irradiation to reduce the recombination rate of 
electron-hole pairs. After planetary mill of WO3 and melamine, unknown substance 
generated surround WO3. The unknown substance become a path for electrons of 
WO3 resulting in electrons can be consumed in air. 
  This thesis consisting of four chapters is a summary of the author`s work. An 
outline of each chapter is described below. 
 
Chapter 1  
  In this study, g-C3N4, which was prepared by heat treatment of melamine, was 
blended with WO3 by a planetary mill and its photocatalytic activity for acetaldehyde 
decomposition was discussed in the view point from complete oxidation into CO2. 
Moreover,  g-C3N4 with large specific surface area, which was obtained by 
hydrothermal treatment of original g-C3N4 under sodium hydroxide (NaOH) solution, 
was used for composite photocatalyst in order to improve photocatalytic activity. 
 
Chapter 2  
  In this study, we developed a facile method for synthesizing g-C3N4 with a high 
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specific surface area, which has nanotube morphology by two-step condensation of 
melamine. In the first step, melamine was hydrothermally treated in water, and 
as-condensed melamine was heated by a high temperature in the second step. The 
two-step condensation process controls morphology to increase the specific surface 
area and the photocatalytic activity of g-C3N4. The enhanced activity of g-C3N4 was 
evaluated by photodegradation of Rhodamine B (Rh B). 
 
Chapter 3 
  In this study, g-C3N4 was used as precursors, we established a facile method and 
successfully synthesized g-C3N4/melamine-cyanurate (gMC), which has high 
photocatalytic activity on oxidation of acetaldehyde. gMC was obtained by 
hydrothermal treated g-C3N4 in alkaline solution, although gMC revealed low specific 
surface area and blue shifted light absorption but high photocatalytic activity. The 
improvement of photocatalytic activity was due to created more positive conduction 
band composed with oxygen hybridization. Moreover, since reaction side changed, 
the charge separation enhanced and obstructed the recombination of electrons and 
holes. 
 
Chapter 4 
  In this study, we obtained unknown (the substance we obtained denote as MW) 
substances via planetary milled WO3 and melamine. MW exhibits extremely high 
photocatalystic activity in decomposition of acetaldehyde and 2-propanol under 
visible light, moreover it can completely decomposed acetaldehyde and 2-propanol 
which pure WO3 can`t. 
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Chapter 1: 
Complete oxidation of acetaldehyde over a 
composite photocatalyst of graphitic carbon 
nitride and tungsten(VI) oxide under 
visible-light irradiation  
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1. Introduction 
  Titanium(IV) oxide (TiO2) is the most widely used photocatalyst because of its 
excellent oxidation ability, availability and stability [1. 2]. However, there are two 
major problems with a conventional TiO2 photocatalyst: it is inactive under 
visible-light irradiation and it has low quantum efficiency due to a high recombination 
rate of photogenerated electron-hole pairs. There have been numerous studies on TiO2 
with impurity doping [3, 4], co-catalyst loading [5] and shape control [6, 7] for 
improvement of visible-light response and reaction efficiency of electrons and holes, 
though these methods still have limitations for improvement of solar energy 
conversion efficiency. 
  It is rather challenging to design a semiconductor photocatalyst fulfilling the 
multiple requirements. Actually, a single semiconductor with large visible-light 
absorption has difficulty in exhibiting both high reduction and oxidation abilities due 
to its narrow bandgap structure. Therefore, a composite photocatalyst consisting of 
different kinds of semiconductors has been studied in recent years. Some studies 
showed that an appropriate composition of two kinds of photocatalyst enhanced 
photocatalytic activity as a result of charge separation between two semiconductors 
[8-13]. This mechanism employs interparticle electron transfer to one semiconductor 
with a more positive conduction band (CB) potential and hole transfer to the other 
semiconductor with a more negative valence band (VB) potential. Thus, this kind of 
composite photocatalyst cannot utilize both high reduction and oxidation abilities. In 
contrast, another reaction mechanism for a composite photocatalyst, namely, 
Z-scheme reaction mechanism, has been suggested in several reports [14-18]. This 
mechanism enables a composite photocatalyst to utilize both reduction ability for one 
semiconductor with more negative CB potential and oxidation ability for another 
semiconductor with more positive VB potential as a result of two-step excitation. 
Thus, a Z-scheme composite photocatalyst is one means for utilizing both high 
oxidation and reduction abilities under visible-light irradiation if appropriate 
semiconductors are used. 
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  In our previous study, a composite of graphitic carbon nitride (g-C3N4), which is an 
organic semiconductor with visible-light absorption, high reduction ability and high 
chemical stability [19], with sulfur-doped TiO2 was made 
[20]. In that study, the 
composite sample prepared by a planetary mill showed high photocatalytic activity 
for acetaldehyde decomposition under visible-light irradiation as a result of Z-scheme 
charge transfer. Thus, the sample showed both high oxidation ability of sulfur-doped 
TiO2 and high reduction ability of g-C3N4. However, it was concluded that 
photoabsorption of sulfur-doped TiO2 and small specific surface area of g-C3N4 are 
bottlenecks for further enhancement of photocatalytic activity. 
  Tungsten(VI) oxide (WO3) may be ideal for a combination pair with g-C3N4 in the 
Z-scheme reaction because it is well known as an oxidation part photocatalyst for 
Z-scheme photocatalytic water splitting [15]. Moreover, it has larger visible-light 
absorption than that of sulfur-doped TiO2. WO3 without a co-catalyst is thought to be 
inappropriate for organic decomposition due to inferior reductive potential of the CB 
for one-electron reduction of oxygen (O2). Therefore, a co-catalyst metal for 
multi-electron reduction of O2 
[21, 22] or a reduction part semiconductor with sufficient 
negative CB potential for one-electron reduction of O2 in the Z-scheme reaction 
[16-18] 
is necessary for complete oxidation of organic compounds over WO3. Although there 
have been some reports of composite photocatalysts with g-C3N4 including 
g-C3N4/WO3 
[8, 10-12, 23-25], a charge separation mechanism was employed in those 
photocatalysts, and explanation of the mechanism was not sufficient. Complete 
oxidation of organic compounds into carbon dioxide (CO2) was not discussed in 
photocatalytic evaluation. 
  In this study, a composite of g-C3N4, which was prepared by heat treatment of 
melamine [26], and WO3 was prepared by using a planetary mill and its photocatalytic 
activity for acetaldehyde decomposition was discussed from the viewpoint of 
complete oxidation into CO2. Moreover, g-C3N4 with a large specific surface area, 
which was obtained by hydrothermal treatment of original g-C3N4 in sodium 
hydroxide (NaOH) solution [27], was used for the composite photocatalyst in order to 
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improve photocatalytic activity.  
 
2. Experimental 
2.1. Materials 
  All chemicals were reagent grade and used without further purification. g-C3N4 
powder was synthesized by heating 30 g of melamine at 823 K at a heating rate of 9 
K∙min-1, followed by heating for 4 hours at that temperature. The product was 
collected and ground into powder. WO3 powders were commercial samples (Kojundo 
Chemical Laboratory Co.). 
 
2.2. Hydrothermal treatment of g-C3N4 in NaOH solution 
  The specific surface area of g-C3N4 was enlarged by hydrothermal method 
[27]. One 
gram of as-prepared g-C3N4 powder was added to 50 mL of 0.1 M aqueous NaOH 
solution. The suspension was ultrasonicated for 10 min to completely disperse the 
g-C3N4, and then it was heated in a Teflon-lined autoclave at 373 K for 24 hours. 
After the treatment, the precipitates were centrifuged and washed with deionized 
water several times to remove Na+ ion and then dried in a vacuum drying oven at 333 
K overnight. This sample is denoted as HT-g-C3N4. 
 
2.3. Preparation of a composite photocatalyst by a planetary mill 
  The composite sample of WO3 and original g-C3N4 was prepared as follows. One 
gram of WO3 and original g-C3N4 powder and 20 mL of deionized water were added 
to a 50 mL agate bowl containing 50 g of yttrium-stabilized zirconia grinding beads 
(Nikkato Co., = 0.6 mm). Then the agate bowl was put on a planetary mill (Fritsch 
Japan Co., Planetary Micro Mill pulverisette 7) and the planetary mill was operated at 
750 rpm for 10 min. After removing the beads by screening, the sample was separated 
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by filtration, washed with deionized water several times, and dried in a vacuum 
drying oven at 333 K overnight. This composite sample is denoted as CNWx, where x 
is the weight percent of WO3 included in the composite sample. The composite 
sample of WO3 and HT-g-C3N4 was prepared by the same procedure as that for 
CNWx. This composite sample is denoted as HTWx. As a reference, each sample, i.e., 
original g-C3N4, HT-g-C3N4 and WO3, was treated by the same procedure. These 
composite samples are denoted as CNW0, HTW0 and PM-WO3, respectively. 
 
2.4. Characterization  
  Crystal structures of the obtained samples were characterized by an X-ray 
diffractometer (Rigaku, MiniFlex II) equipped with a Cu Kα irradiation source. The 
morphology of prepared particles was observed by field emission scanning electron 
microscopy (FE-SEM; JEOL, JSM-6701FONO). Diffuse reflectance spectra (DRS) 
were measured using a UV-vis spectrophotometer (Shimadzu, UV-2600) equipped 
with an integrating sphere unit (Shimadzu, ISR-2600 Plus). Specific surface area 
(SBET) was determined with a surface area analyzer (Quantachrome, Nova 4200e) by 
the Brunauer-Emmett-Teller method. Functional group vibrations were confirmed by 
using a Fourier transform infrared spectrometer (FTIR; JASCO, FT / IR 4200) with a 
diffuse reflectance accessory (JASCO, DR-81). Fluorescence spectra were obtained 
using a photoluminescence spectrometer (JASCO, FP-8500).  
 
2.5. Photocatalytic measurement 
  Before evaluation of the photocatalytic activity, each sample was irradiated with 
UV light using black light (UVP, XX-15BLB) in order to remove organic 
contaminants on the sample. The photocatalytic activity of the composite sample was 
evaluated by CO2 liberation from photocatalytic mineralization of acetaldehyde as 
Figure 1. One hundred milligrams of powder, which has complete extinction of 
incident radiation, was spread on the bottom of a glass dish, and the glass dish was   
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Figure 1. Photocatalytic measurement. 
  
 20 
 
placed in a Tedlar bag (AS ONE Co. Ltd.). Then 125 cm3 artificial air containing 1000 
ppm of acetaldehyde was injected into the bag. Photoirradiation was performed at 
room temperature after the acetaldehyde had reached adsorption equilibrium. A 
light-emitting diode (LED; Epitex, L435-30M32L), which emitted light at 
wavelengths of ca. 435 nm, was used as a light source, and its intensity was controlled 
by 1.0 mW cm-2. The concentration of CO2 was observed by gas chromatography 
(Shimadzu GC-8A, FID detector) equipped with a Porapak N packed column and a 
methanizer (GL Science, MT-221) as a function of irradiation time. 
 
3. Results and discussion 
3.1. Characterization of g-C3N4 and HT-g-C3N4 
  Figure 2A shows X-ray diffraction (XRD) patterns of original g-C3N4 and 
HT-g-C3N4 samples. The original g-C3N4 had two peaks at 13.1° and 27.6°, which can 
be indexed as (100) and (002) diffraction planes (JCPDS 87-1526). Similarly, the 
XRD pattern of HT-g-C3N4 also had characteristic peaks at 27.6°, suggesting that 
HT-g-C3N4 has the same crystal structure as that of original g-C3N4 (Fig. 2C). The 
low-angle reflection peak at 13.1° becomes less pronounced due to decreased planar 
size of the layers during NaOH solution etching of original g-C3N4 
[27, 28].   
  Functional groups of original g-C3N4 and HT-g-C3N4 were confirmed by FT-IR 
spectroscopy. As shown in Fig. 2B, the characteristic IR spectrum of HT-g-C3N4 was 
similar to that of original g-C3N4: a peak at about 810 cm
-1 originating from the 
heptazine ring system and peaks in the region from 900 to 1800 cm-1 attributed to 
either trigonal C-N(-C)-C or bridging C-NH-C units were observed in both samples. 
UV-vis DRS are shown in Fig. 2C. Compared with the spectrum of original g-C3N4, 
the spectrum of HT-g-C3N4 was shifted to longer wavelengths. A similar blue shift of 
peak wavelength was observed in fluorescence emission spectra (Fig. 2D). These 
results are presumably due to decrease in particle size [28, 29]. Actually, the SBET of 
g-C3N4 was enlarged from 11 m
2 g-1 to 50 m2 g-1 by hydrothermal treatment. Fig. 3  
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Figure 2. (A) XRD patterns, (B) FTIR spectra, (C) UV-vis DRS and (D) fluorescence 
emission spectra under excitation at the wavelength of 365 nm of original g-C3N4 and 
HT-g-C3N4. 
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Figure 3. SEM images of (A) original g-C3N4 and (B) HT-g-C3N4. 
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Figure 4. Time courses of CO2 liberation from acetaldehyde decomposition over 
original g-C3N4 and HT-g-C3N4.  
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shows SEM images of original g-C3N4 and HT-g-C3N4 samples. The original g-C3N4 
was plate-like particles (Fig. 3A), while HT-g-C3N4 had an uneven surface (Fig. 3B). 
This indicates that the surface of g-C3N4 particles was etched by hydrothermal 
treatment in NaOH solution, resulting in enlargement of SBET without any change in 
crystal structure. These results coincide with the results of reported study [27]. 
  Photocatalytic activity of original g-C3N4 and HT-g-C3N4 was evaluated by CO2 
liberation from decomposition of acetaldehyde. Figure 4 shows the time courses of 
CO2 liberation over original g-C3N4 and HT-g-C3N4. Although HT-g-C3N4 showed 
smaller visible-light absorption than that of original g-C3N4, it showed 3-times greater 
CO2 liberation due to large SBET, which increase in adsorption, reduction and 
oxidation sites. However, CO2 liberation for 48 hours was much smaller than 2000 
ppm, which means complete decomposition of acetaldehyde into CO2, due its low 
oxidation ability [20]. 
 
3.2. Characterization of CNWx and HTWx 
  Powder XRD patterns of CNWx samples are shown in Fig. 5A. XRD patterns 
showed only peaks attributed to g-C3N4 and WO3, and peaks attributed to other 
components were not detected. Although a peak at 27.6o, which was attributed to (002) 
of g-C3N4, was observed in XRD patterns of CNWx (x < 50) samples, XRD patterns 
of CNWx (x > 50) samples showed no appreciable peak around 27.6o due to weak 
diffraction intensity of g-C3N4. On the other hand, peaks attributed to WO3 could be 
observed in all CNWx samples (x > 0), and no changes in peak pattern and width of 
the peak at 24.3o were observed, compared with original WO3 (Fig. 5, 6). This is 
reasonable since PM-WO3 showed the same pattern and width of peak at 24.3
o as 
original WO3. In contrast, CNW0 showed a larger peak width at 27.6
o than that of 
original g-C3N4. This result coincides with enlargement of SBET by planetary mill 
treatment (Fig. 7). A similar result was obtained for HTWx samples (Fig. 5B). 
  Figure 8 shows SEM images of PM-WO3, CNWx and HTWx. PM-WO3 showed 
aggregated particles with particle size of a few hundreds of nanometers, and the 
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Figure 5. XRD patterns of original WO3, PM-WO3, CNWx and HTWx samples.  
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Figure 6. Full width at half maximum (FWHM) of peak at 24.4o attributed to (200) of 
monoclinic WO3 in XRD patterns of original WO3, PM-WO3, CNWx and HTWx 
samples as a function of WO3 contents. 
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Figure 7. SBET of original g-C3N4, HT-g-C3N4, original WO3, PM-WO3, CNWx and 
HTWx samples as a function of WO3 contents.  
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Figure 8. SEM images of original WO3, PM-WO3, CNWx and HTWx samples with 
250 nm size bar. 
 
 
 
 
 
 
 
Figure 9. SEM images of CNW0 and HTW0. 
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morphology and SBET of WO3 particles were slightly changed by planetary mill 
treatment (Fig. 7). On the other hand, plate-like particles were pulverized into small 
particles by the planetary mill treatment in SEM images of CNW0 and HTW0 
samples (Fig. 9). This agreed with increase in SBET (Fig. 7). For CNWx (x > 0) 
samples, it seemed that WO3 particles attached to the surface of g-C3N4 increased 
with an increase in WO3 content. When the WO3 content was above 80 wt%, the 
g-C3N4 particles were almost completely covered by WO3 particles. The same result 
was also found in HTWx (x > 0) samples.   
  Figure 10 shows UV-vis DRS of PM-WO3, CNWx and HTWx. DRS of CNW0 and 
HTW0 were blue-shifted compared with those of original g-C3N4 and HT-g-C3N4 (Fig. 
11). This blue shift is presumably due to decrease in particle size by planetary mill 
treatment [28, 29], as observed in SBET. Photoabsorption at the wavelength of 435 nm of 
HTWx samples increased with increase in WO3 content, and it was smaller than 
CNWx (Fig. 12A). This is because PM-WO3 has the largest photoabsorption at the 
wavelength of 435 nm, followed in order by CNW0 and HTW0. On the other hand, 
photoabsorption at a longer wavelength of 500 nm, which was observed in the DRS of 
WO3, was suppressed by composition with a small amount of g-C3N4. Figure 12B 
shows relative reflectance of CNWx and HTWx samples at the wavelength of 800 nm 
as a function of WO3 content. CNWx and HTWx samples showed no linear 
relationship between relative reflectance at the wavelength of 800 nm and WO3 
content. Since photoabsorption at a longer wavelength of 500 nm is attributed to the 
W5+ state in WO3, which is generated by electron accumulation in WO3 and reduction 
treatment of WO3 
[30-32], a nonlinear relationship means that electron accumulation in 
WO3 was decreased by composition with g-C3N4. A similar phenomenon was 
observed in the Z-scheme composite photocatalyst of WO3 and CaFe2O4 
[14]. 
 
3.3. Photocatalytic activity for acetaldehyde decomposition 
  The photocatalytic activities of the prepared samples were evaluated by CO2 
liberation from photocatalytic mineralization of acetaldehyde. Figure 13A shows the
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Figure 10. UV-vis DR spectra of (A) CNWx, (B) HTWx and PM-WO3 samples. 
 
 
 
 
Figure 11. UV-vis DR spectra of g-C3N4, HT-g-C3N4, CNW0, HTW0, original WO3 
and PM-WO3. 
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Figure 12. Relative reflectance of CNWx and HTWx samples at the wavelength of (A) 
435 nm and (B) 800nm as a function of WO3 contents.  
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time courses of CO2 liberation of the CNWx samples and PM-WO3. WO3 showed a 
high CO2 liberation rate at the beginning of photoirradiation, but CO2 liberation 
stopped with longer photoirradiation before reaching 2000 ppm, which means 
complete decomposition of 1000 ppm acetaldehyde. WO3 can partially decompose 
acetaldehyde to formaldehyde or formic acid with CO2 liberation 
[16], but it cannot 
completely decompose these molecules to CO2 without efficient electron consumption 
[17]. In contrast, almost all of the composite samples showed no saturation tendency of 
CO2 liberation with irradiation time and a larger amount of CO2 liberation for 48 
hours. This implies that electron consumption in WO3 was promoted by composition 
with g-C3N4, as observed in WO3 composed with other semiconductors or metals 
[16-18, 
21, 22]. Actually, results from UV-vis DRS of CNWx and HTWx samples indicate that 
electron accumulation in WO3 is suppressed by composition of g-C3N4 (Fig. 12B). 
Since g-C3N4 is a semiconductor with more negative CB potential than that of WO3 
and one-electron reduction potential of O2, a plausible mechanism is Z-scheme 
reaction accompanied by electron transfer from the CB of WO3 to the VB of g-C3N4 
(Fig. 14). Thus, all WO3 particles are required to be attached on all g-C3N4 particles 
for efficient charge transfer. Otherwise, acetaldehyde on non-composite g-C3N4 and 
WO3 remained without being decomposed completely into CO2. This is the reason 
why CNWx with a large amount of WO3 showed a saturation tendency and CNWx 
with a small amount of WO3 showed a low rate of CO2 liberation. 
  Figure 13B shows the time courses of CO2 liberation of the HTWx composites and 
PM-WO3. HTWx samples also showed similar enhancement for CO2 liberation by the 
composition as observed in CNWx samples. However, HTWx (x > 0) samples 
showed slightly larger CO2 liberation than that of CNWx (x > 0), though CO2 
liberation of HTW0 was twice larger than that of CNW0 for 48 hours. This can be 
explained as follows. g-C3N4 in composite samples predominantly works as not an 
adsorption and oxidation site for organic compounds but a reduction site for O2, while 
adsorption, oxidation and reduction must all proceed on single g-C3N4. Therefore, 
enhancement of SBET of g-C3N4 in a composite sample is thought to show no direct 
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Figure 13. Time courses of CO2 liberation from acetaldehyde decomposition over (A) 
CNWx and (B) HTWx samples. (C) CO2 liberation over CNWx and HTWx samples 
for 48 hours of photoirradiation as a function of WO3 content. (D) UV-vis DRS of 
PM-WO3, CNW50 and HTW50 before and after photocatalytic reaction.  
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Figure 14. Schematic band structure of g-C3N4 and WO3. The literature values for the 
band structure of g-C3N4 
[32] and WO3 
[33] was used. 
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contribution to oxidation of acetaldehyde because acetaldehyde is hardly decomposed 
over g-C3N4 in the composite photocatalyst. 
  Figure 13C shows CO2 liberation for 48 hours of CNWx and HTWx samples as a 
function of WO3 content. A volcano-like relationship was observed in both CNWx 
and HTWx samples, but HTWx samples with a larger amount of WO3 showed larger 
CO2 liberation because larger SBET of g-C3N4 in HTWx samples increased contact 
points between g-C3N4 and WO3. However, optimized HTWx showed slightly larger 
CO2 liberation than that of CNWx, and the optimum ratio of WO3 in HTWx samples 
was the same as that in CNWx samples despite larger SBET. This is due to smaller 
photoabsorption of HTW0 than that of CNW0, as seen in Fig. 10A. 
  Figure 13D shows UV-vis DRS of PM-WO3, CNW50 and HTW50 before and after 
photocatalytic reaction. After photocatalytic reaction, photoabsorption of PM-WO3 at 
wavelengths from 500 nm to 800 nm showed greatly increased, which is attributed to 
the partial reduction of W6+ to W5+ by photoexcited electrons. In the case of CNW50 
and HTW50, no obvious changes can be found from DRS of the composite 
photocatalysts before and after photocatalytic reaction. The results indicate that the 
self-reduction process by photogenerated electrons in WO3 are prevented after 
composite with g-C3N4 or HT-g-C3N4, because photogenerated electrons in CB of 
WO3 should be efficiently consumed by the reaction with photogenerated holes in VB 
of g-C3N4 or HT-g-C3N4. This means that the composite photocatalysts follow 
Z-scheme charge separation mechanism. 
  Larger CO2 liberation over composite samples may be attributed to decomposition 
of g-C3N4. Therefore, we confirmed stability of g-C3N4 in the prepared samples by a 
self-decomposition test. Figure 15 shows the time courses of CO2 liberation over 
CNW50 and HTW50 in the presence and absence of acetaldehyde. Although slight 
CO2 liberation was observed in CNW50 and HTW50 samples, it was much smaller 
than CO2 liberation in the presence of acetaldehyde. This confirmed that enlargement 
of CO2 was not due to decomposition of g-C3N4. In the HTW50 sample, 1600 ppm of 
CO2 was observed after 48 hours of photoirradiation, indicating that at least 600 ppm
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Figure 15. Time course of CO2 liberation of CNW50 and HTW50 in the presence and 
absence of acetaldehyde. 
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of acetaldehyde had been completely decomposed into 1200 ppm of CO2. This 
“partial complete oxidation” is also collateral evidence for Z-scheme charge transfer 
in the composite photocatalyst because complete oxidation of acetaldehyde into CO2 
cannot occur over WO3 without a metal co-catalyst or semiconductor for Z-scheme 
charge transfer. 
 
4. Conclusions 
  In this study, a highly active photocatalyst under visible-light irradiation for organic 
decomposition was synthesized by a composite of g-C3N4 and WO3 using a planetary 
mill. UV-vis DRS and photocatalytic evaluation indicated that the composite 
photocatalysts show high activity as a result of Z-scheme reaction. The optimized 
composite samples prepared in the present study showed complete oxidation of “most 
of all” acetaldehyde into CO2 by Z-scheme reaction, unlike previously reported 
composite photocatalysts [23-25]. For further enhancement of photocatalytic activity 
under visible-light irradiation, a composite photocatalyst with both large visible-light 
absorption and a large number of contact points between g-C3N4 and WO3 is needed. 
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Chapter 2: 
 
Synthesis high specific surface area 
nanotube g-C3N4 with two-step 
condensation treatment of melamine to 
enhance photocatalysis properties 
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1. Introduction 
  Photocatalysts have been studied for many years since the report by Fujishima and 
Honda showing that TiO2 can be used to catalytically decompose H2O to produce 
hydrogen under light irradiation [1]. Meanwhile, graphitic carbon nitride (g-C3N4), 
which is an organic semiconductor with visible-light absorption, high reduction 
ability and high chemical stability [2], has recently received much attention as a metal 
free photocatalyst. Although the rates of degradation of harmful organic materials by 
g-C3N4 were generally smaller than those by TiO2-based photocatalysts under UV 
light, g-C3N4 has a great advantage in that it works under visible light, absorbing blue 
light along with UV light. 
  In past years, g-C3N4 was widely used in composite photocatalysts such as 
g-C3N4/WO3, g-C3N4/sulfur-doped TiO2 and g-C3N4/TaON 
[3-5]. Although the 
activities of composite photocatalysts have been enhanced, the results have not been 
as good as expected. This is because original g-C3N4, which was obtained by high 
temperature condensation of melamine, dicyandiamide or cyandiamide, has suffered 
from the problem of having a low specific surface area. The specific surface area of 
original g-C3N4, which is normally below 10 m
2 g-1, has become a bottleneck for 
further enhancement of photocatalytic activity. 
  Many methods for improving the specific surface area of g-C3N4 have therefore 
been proposed. These methods include the twice heating method [6], exfoliation 
g-C3N4 by ultrasonic treatment method 
[7], and nanocasting with a hard template 
method [8].  
  Among the various methods, morphology control is considered to be an effective 
means for increasing specific surface area and photocatalytic activity. There have 
been a few reports on fabrication of g-C3N4-like nanofibers, nanobelts, nanorods, 
nanotubes and nanowires [9, 10]; however, the XRD pattern of g-C3N4 was changed by 
morphology control: low-angle reflection peak at 13.1° disappeared. 
  In this study, we developed a facile method for synthesizing g-C3N4 with a high 
specific surface area, which has nanotube morphology, by two-step condensation of 
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melamine. In the first step, melamine was hydrothermally treated in water, and 
as-condensed melamine was heated by a high temperature in the second step. The 
two-step condensation process controls morphology to increase the specific surface 
area and the photocatalytic activity of g-C3N4. The enhanced activity of g-C3N4 was 
evaluated by photodegradation of Rhodamine B (Rh B). 
 
2. Experimental 
2.1. Preparation of g-C3N4 and Hx-C3N4 
  First-step condensation was hydrothermal treatment of melamine in water as 
follows. Melamine (5 g) was added to 50 mL deionized water and dispersed for 30 
min, and then it was heated in a Teflon-lined autoclave at 200 oC for 12 hour and 24 
hour (denoted as HM-12 and HM-24, respectively). After filtration and evaporation, a 
white powder was obtained. Then the white powder was ground in an agate mortar.  
  Second-step condensation was heating treatment of the white powder as follows. 
Three grams of powder (HM-x) was packed in an alumina crucible with a cover and 
was heated in air at a rate of ca. 10 oC min-1 to reach a temperature of 550 oC. After 
being heated at 550 oC for 4 h, the g-C3N4 obtained was ground in an agate mortar. 
The sample obtained by two-step condensation was denoted as Hx-C3N4, where x is 
time of hydrothermal treatment. For comparison, bulk g-C3N4 was also obtained by 
melamine treatment as second-step condensation process. 
 
2.2. Characterization 
  Crystal structure was performed by using an X-ray diffractometer (Rigaku, 
MiniFlex II) with CuKα radiation (λ = 1.5405 Å). Morphology of the prepared 
particles was observed by a field emission scanning electron microscope (FE-SEM; 
JEOL, JSM-6701FONO) and a transmission electron microscopy (TEM; Hitachi 
H-9000NAR). Diffuse reflectance spectra (DRS) were measured using a UV-vis 
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spectrophotometer (Shimadzu, UV-2600) equipped with an integrating sphere unit 
(Shimadzu, ISR-2600 Plus). Specific surface area (SBET) was determined with a 
surface area analyzer (Quantachrome, Nova 4200e) by the Brunauer-Emmett-Teller 
method. Functional group vibrations were confirmed by using a Fourier transform 
infrared spectrometer (FTIR; JASCO, FT / IR 4200) with a diffuse reflectance 
accessory (JASCO, DR-81). Fluorescence spectra were obtained using a 
photoluminescence spectrometer (JASCO, FP-8500). 
 
2.3. Photocatalytic measurement 
  Before evaluation of the photocatalytic activity, each sample was irradiated with 
UV light using a black light (UVP, XX-15BLB) in order to remove organic 
contaminants on the sample. The photocatalytic activity of the sample was evaluated 
by decomposition of Rhodanmine B (Rh B). Photocatalytic reaction was performed in 
a reactor vessel (SIBATA, SPC 15). Five milligrams of powder, which has complete 
extinction of incident radiation, was dispersed in Rh B aqueous solution (100 mL, 4 
mg L-1, pH=6.84). Before the photocatalytic reaction, Rh B solution should be 
magnetically stirred with the catalyst in dark for 1 hour to establish an adsorption and 
desorption balance. The light irradiation system contains a 500 W Xe lamp (USHIO 
Optical Modulex SX-U1501XQ) with cutoff filter L42 for visible light (λmax≤420nm) 
and a heat absorbing glass to removing heat effects. The intensity of the 
corresponding incident light is 50 mW/cm-2. The degradation efficiencies of Rh B 
were evaluated using the UV-vis absorption spectra to measure the peak value of a 
maximum absorption of Rh B solution (λmax=554nm). During the irradiation, about 3 
mL of suspension was continually taken from the reaction cell at given time intervals 
for subsequent target dye concentration analysis after centrifuging.  
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Figure 1. Photocatalytic measurement. 
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3. Results and discussion 
3.1. Characterization of melamine and HM-x 
  Figure 2(a) shows XRD patterns of original melamine and hydrothermally treated 
melamine. With the hydrothermal reaction, the appearance of new peaks and 
disappearance of old peaks are assertive evidence for the creation of a new 
arrangement. A very well-developed lamellar stacking peak [11], (002), is observed at 
around 29° after hydrothermal reaction, supporting the observed sheet-like structure. 
Original melamine and hydrothermally treated melamine were also confirmed by 
FT-IR spectroscopy. As shown in Figure 2(b), with the hydrothermal treatment, some 
new peaks appeared in the 1750~1850 cm-1 region in both HM-12 and HM-24 that 
were attributed to C=O stretching vibration [12], which means that polymerization was 
carried out and cyanuric acid was formed. It can be expected that the solution will be 
changed to an alkaline solution by hydrothermal treatment because of the ammonia 
generated from melamine condensation. Therefore, hydrothermal treatment with an 
alkaline solution made the melamine portion change into cyanuric acid [13, 14]. 
  Figure 3 (a), (b) and (c) show SEM images of original melamine and the melamine 
processed at 200 oC in water for 12 hour and 24 hour, respectively. Figure 3(a) shows 
that the morphology of original melamine is granular with a particle size of 10-50 µm. 
When the hydrothermal treatment time was increased to 12 hours, the morphology of 
products became sheet-like (Figure 3(b)), being composed of melamine-cyanuric acid. 
When the treatment time was increased to 24 hours, the morphology of the products 
was still a sheet-like structure, and the size of particles became large. 
 
3.2. Characterization of Hx-C3N4 
  Figure 4(a) shows XRD patterns of g-C3N4 obtained after heat treatment. All of the 
samples gave two peaks consistent with bulk g-C3N4, suggesting that the samples 
basically have the same crystal structure as that of g-C3N4 (JCPDS 87-1526). The
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Figure 2. (a) XRD patterns and (b) FT-IR spectroscopy of melamine and 
hydrothermally treated melamine. SEM images of (c) melamine, (d) HM-12 and (e) 
HM-24. 
 
 
a 
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Figure 3. SEM images of (a) melamine, (b) HM-12 and (c) HM-24. 
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low-angle reflection peak is presumably related to an in-plane structural packing 
motif at 13.1° (indexed as (100)) of bulk g-C3N4. The low-angle reflection peaks of 
H12-C3N4 and H24-C3N4 were shifted to 12.9° and 12.8°, respectively. It was 
confirmed that, compared with bulk g-C3N4, H12-C3N4 and H24-C3N4 have chains 
that adopt a “zigzag-type” geometry to increase the distance of neighboring 
tri-s-triazine units [15]. The low-angle reflection peak also becomes less pronounced. 
This is mainly caused by the simultaneously decreased planar size of the layers during 
two-step condensation. With respect to bulk g-C3N4, the strong inter-planar stacking 
peak of aromatic systems around 27.6° (indexed as (002)) is shifted to a higher degree 
(27.8° and 27.7°, respectively), indicating a decreased gallery distance between the 
basic sheets in g-C3N4 
[16]. The (002) peak also becomes broader and gradually less 
intense with increase the time of hydrothermal treatment, indicating disturbance of the 
graphitic structure by two-step condensation.  
  Functional groups of bulk g-C3N4, H12-C3N4 and H24-C3N4 were confirmed by 
FT-IR spectroscopy. As shown in Figure 4(b), the characteristic IR spectrum of 
Hx-C3N4 was similar to that of bulk g-C3N4. A peak at about 810 cm
-1 originating 
from the heptazine ring system and peaks in the region from 900 to 1800 cm-1 
attributed to either trigonal C-N(-C)-C or bridging C-NH-C units were observed in all 
samples [17, 18]. These peaks obviously become sharper, probably due to more ordered 
packing of bands. The peaks in the 1750~1850 cm-1 region disappeared after the 
second step of condensation, indicating that a more “zigzag-type” geometry 
arrangement formation may be due to the appearance and disappearance of acid 
anhydride bonds. Elemental analysis revealed a C/N molar ratio of 0.66 and less than 
2 wt% of hydrogen for bulk g-C3N4, and this ratio was almost unchanged with 
increase the temperature of hydrothermal treatment (Table. 1). 
  Figure 4(c) shows UV-vis diffuse reflectance spectra (DRS) of the samples. As 
shown in Figure 4(c), compared with the spectrum of bulk g-C3N4, the spectrum of 
Hx-C3N4 was blue shifted, probably due to the well-known quantum confinement 
effect. These results are presumably attributed to decrease in particle size. Actually, 
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Figure 4. (a) XRD, (b) FT-IR, (c) UV-vis DRS and (d) photoluminescence 
spectroscopy of the samples obtained by two-step condensation. 
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the SBET of g-C3N4 was enlarged by two step condensation that H12-C3N4 and 
H24-C3N4 showed almost 3 times and 5 times higher specific surface areas than that 
of bulk g-C3N4 (Table 1), respectively. 
  Figure 4(d) shows photoluminescence spectra of the samples. The excitation 
wavelength of the photoluminescence spectra is set at 365 nm. With increase in 
hydrothermal treatment time, a blue shift of the peak wavelength was observed in the 
fluorescence emission spectra, in accordance with the results of UV-vis DRS. Since 
photoluminescence properties would be influenced by defects that can reduce the 
strength of fluorescence peaks, photoluminescence spectra were also used to 
determine the number of defects [19]. In Figure 4(d), it can be seen that the number of 
defects decreased with hydrothermal treatment for 12 hours. After that the number of 
defects increased when the first-step reaction was up to 24 hours. The increased 
number of defects is attributed to the appearance and disappearance of more cyanuric 
acid via the two-step condensation process in H24-C3N4.  
  A scanning electron microscope (SEM) and a transmission electron microscopy 
(TEM) were used to investigate the textural structure and morphology as shown in 
Figure 5 (a), (c), (e) and Figure 5 (b), (d), (f), respectively. Bulk g-C3N4 showed a 
sheet-like morphology as expected, but with two-step condensation, H12-C3N4 and 
H24-C3N4 both showed nanotube morphology. The diameter of nanotube decreased 
from around 108 nm to 80 nm over time with hydrothermal treatment. What`s more 
the wall thickness of the H12-C3N4 and H24-C3N4 nanotube also decreased from 23 
nm to 12 nm. These results were attributed to the appearance and disappearance of 
cyanuric acid via the two-step condensation process can control the morphology of 
g-C3N4. Therefore, the improved specific surface area was probably due to the change 
in sheet-like morphology to nanotube structure and decreased sheet thickness of 
g-C3N4 (Table 1). 
 
3.3. Photocatalytic activity for photodegradation of Rh B 
  The photocatalytic activities of the prepared samples were evaluated by
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Table 1. BET specific surface area and elemental analysis of obtained samples. 
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Figure 5. SEM images of (a) bulk g-C3N4, (c) H12-C3N4 and (e) H24-C3N4. TEM 
images of (b) bulk g-C3N4, (d) H12-C3N4 and (f) H24-C3N4. 
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Figure 6. UV-vis spectroscopic changes of photodegrading Rh B over (a) bulk g-C3N4, 
(b) H12-C3N4 and (c) H24-C3N4 samples under visible light irradiation (λ≥420 nm). 
a 
b 
c 
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Figure 7. (a) Photocatalytic activities for Rh B photodegradation over bulk g-C3N4 
and Hx-C3N4 samples prepared by two-step condensation. (b) Relationship between 
Rh B degradation efficiency and the light irradiation time for the bulk g-C3N4 and 
Hx-C3N4 photocatalysis system. 
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photodegradation of Rh B. Details of the photocatalytic measurement and the UV-vis 
spectroscopic changes of Rh B over catalysts are shown in supporting information 
(Figure 6).  
  Figure 7 (a) shows photocatalytic activities of the samples (c is the remained 
concentration of Rh B, and c0 is the initial concentration of Rh B). As a comparison, 
without photocatalyst or without light irradiation was carried out, and almost none of 
Rh B was photodegradation at all. Bulk g-C3N4 shows poor activity, since only 24 % 
of the Rh B was degraded when the irradiation time lasted for 60 min. On the other 
hand, the photocatalytic activity of H24-C3N4 was much higher than that of bulk 
g-C3N4. Furthermore H12-C3N4 shows the highest photocatalytic activity, the Rh B 
was completely degraded when the irradiation time lasted for 40 min. Figure 7 (b) 
presented the linear relationship between ln(C0/C) and the irradiation time for Rh B 
degradation. Rate constant k gives an indication of the activity of the photocatalyst. 
The Rh B photodegradation rate constants for bulk- g-C3N4, H12-C3N4 and H24-C3N4 
displayed as 0.005min-1, 0.06 min-1 and 0.03 min-1, respectively. Although H12-C3N4 
has a much lower specific surface area than that of H24-C3N4, it showed the highest 
photocatalytic activity, being almost 12 times higher than that of bulk g-C3N4. Then 
the photocatalytic activity decreased with increase in hydrothermal treatment time up 
to 24 hours. Interestingly, H24-C3N4 has an almost 10 times higher specific surface 
area than that of bulk g-C3N4 and 2 times than that of H12-C3N4, but its photocatalytic 
activity was 5 times higher than that of bulk g-C3N4 and lower than that of H12-C3N4. 
It can be attributed to two aspects: (i) the blue shift in the light absorption region 
resulted in reduction of visible light into the reaction system and (ii) as mentioned 
above, since the defects can act as recombination centers for photogenerated 
electron-holes [20], the increase in the number of defects lowered the photocatalytic 
performance.  
  To evaluate the stability of nanotube g-C3N4, the sample of H12-C3N4 was chosen 
to perform cyclic test. The results are shown in Figure 8. There was no decrease 
observed in repeating the reaction three times under the same condition, indicating the 
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Figure 8. Cycling runs of Rh B degradation over H12-C3N4 under visible light 
irradiation. C0: initial concentration. 
 
 
 
 
 
Figure 9. XRD patterns of H12-C3N4 before and after reaction.  
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good stability of the catalyst during the photocatalytic reaction. In addition, the same 
results can be seen by XRD analyses (Figure 9). 
 
4. Conclusions 
  In this study, nanotube g-C3N4 was fabricated from melamine by a simple two-step 
condensation process. The specific surface area was enlarged by morphology control, 
and the photocatalytic activity for decomposition of Rh B under visible light 
irradiation was enhanced. H12-C3N4 shows the highest photocatalytic activity which 
was almost 12 times higher than bulk g-C3N4. Since H24-C3N4 contained more 
defects than H12-C3N4, result in lower photocatalytic activity than H12-C3N4, but still 
5 times higher than bulk g-C3N4. The results reported may provide a good reference 
for developing more superior photocatalyst g-C3N4 and also provides a new sight to 
enhance photocatalytic activity of g-C3N4 without using template for morphology 
control and increase specific surface area. 
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Chapter 3: 
A facile approach to prepare 
g-C3N4/melamine-cyanurate composite 
photocatalyst with enhanced visible-light 
photoreactivity 
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1. Introduction 
  Graphitic Carbon nitride (g-C3N4) is a graphite-like polymeric semiconductor. The 
advantages of this metal-free photocatalyst are the low cost, the high chemical and 
thermal stability, and most importantly it has a moderate band gap (~2.7 eV), which 
allows visible light response [1]. Recently it had attracted much attention as a 
photocatalyst, since it has turned out to be useful for water splitting [2]. However, 
g-C3N4 also suffers from some problems in photocatalysis application, such as its high 
recombination rate of electron-hole pairs and a bit low valence band (ca 1.28 eV). The 
low valence band enables g-C3N4 only theoretically possible to water oxidation but 
commonly needs sacrificial agent in actual operation of water splitting, furthermore 
g-C3N4 almost can`t applied in decomposition harmful organic in atmosphere. 
Composite with other semiconductor which has higher oxidation ability, was provided 
to solve the problem by Z-scheme or charge separation mechanisms [3-6]. However, 
g-C3N4 connecting with other semiconductor exhibits much lower property than 
expected, since their low efficiency of electrons or holes transfer between each other. 
  Therefore, in this communication, we focused on Melamine-cyanurate (MC), which 
has oxygen in frame and constitutes by melamine and cyanuric acid. MC commonly 
was used as a precursor for synthesizing unique architecture g-C3N4, such as hollow 
spheres and sheet-like and tube-like structure [7-9]. Although MC complex is composed 
of three hydrogen bonds between cyanuric acid and melamine, but surprisingly the 
hydrogen bonding is not easy to break until temperature up to 275 oC in N2 
atmosphere. Suppose MC successfully connected with g-C3N4 by abovementioned 
hydrogen bonding like MC itself, high efficiency of electrons or holes transfer will be 
expected. 
  In this paper g-C3N4 was used as precursor, we established a facile method and 
successfully synthesized g-C3N4/melamine-cyanurate (gMC), which has high 
photocatalytic activity on oxidation of acetaldehyde. gMC was obtained by 
hydrothermal treated g-C3N4 in alkaline solution, although gMC revealed low specific 
surface area and blue shifted light absorption but high photocatalytic activity. The 
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improvement of photocatalytic activity was due to created more positive conduction 
band composed with oxygen hybridization. Moreover, since reaction side changed, 
the charge separation enhanced and obstructed the recombination of electrons and 
holes. 
 
2. Experimental Section 
2.1. Materials  
  Melamine (Wako Pure Chemical Industries, Ltd.), ammonia solution (25%) (Wako 
Pure Chemical Industries, Ltd.), dimethyl sulfoxide (DMSO) (Wako Pure Chemical 
Industries, Ltd.) and cyanuric acid (98%) (Sigma-Aldrich) were used as start material 
without further treatment. 
 
2.2. Synthesis of g-C3N4, melamine-cyanurate and 
g-C3N4/melamine-cyanurate  
  Graphitic carbon nitride (g-C3N4) powders were synthesized by heating 30 g of 
melamine at 823 K with a heating rate of 9 K∙min-1, followed by 4 hours at that 
temperature. The product was collected and ground into powders. 
  g-C3N4/melamine-cyanurate was synthesized by hydrothermal treatment of g-C3N4 
in alkaline solution as follows. Ammonia solution (2 ml, 5 ml and 10 ml) was added 
in 50 mL deionized-water, respectively. One gram of g-C3N4 was dispersed in above 
solution with ultrasonication 10 min and stirred 1 hour. Then it was heated in 
Teflon-lined autoclave at 200 oC for 6 hours. After filtration and evaporated obtained 
light yellow powder, then the powder was well grinded in an agate mortar. 
  For contrast melamine-cyanurate was fabricated as follows. Five hundred milligram 
of melamine and five hundred milligram of cyanuric acid were dissolved in 20 mL 
and 10 mL of dimethyl sulfoxide, respectively, with sonication. Both solutions were 
mixed together for 10 min to give white precipitates. Subsequently, filtered and 
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washed with ethanol, resulting white powder.  
 
2.3. Characterization 
  Characterization was performed by using an X-ray diffractometer (Rigaku, 
MiniFlex II) with CuKα radiation (λ = 1.5405 Å). Morphology of the prepared 
particles was observed by a field emission scanning electron microscope (FE-SEM; 
JEOL, JSM-6701FONO) and a transmission electron microscopy (TEM; Hitachi 
H-9000NAR). Diffuse reflectance spectra (DRS) were measured using a UV-vis 
spectrophotometer (Shimadzu, UV-2600) equipped with an integrating sphere unit 
(Shimadzu, ISR-2600 Plus). Specific surface area (SBET) and N2 
adsorption-desorption isotherms of samples were determined with a surface area 
analyzer (Quantachrome, Nova 4200e) by the Brunauer-Emmett-Teller method. 
Functional group vibrations were confirmed by using a Fourier transform infrared 
spectrometer (FTIR; JASCO, FT / IR 4200) with a diffuse reflectance accessory 
(JASCO, DR-81). Fluorescence spectra were obtained using a photoluminescence 
spectrometer (JASCO, FP-8500).  Mott-Schottky plot were measured by 
Electrochemical Analyzer (ALS/CH Instrument mode 604D). TG-DTA was measured 
by using (Rigaku TG・TDA-8120H). 
 
2.4. Photocatalytic measurement 
  Before evaluation of the photocatalytic activity, each sample was irradiated with 
UV light using black light (UVP,XX-15BLB) in order to remove organic contaminant 
on the sample. The photocatalytic activity of the sample was evaluated by acetone 
liberation from photocatalytic mineralization of acetaldehyde. One hundred 
milligrams of powder, which has complete extinction of incident radiation, was spread 
on the bottom of glass dish, and the glass dish was placed in a Tedlar bag (AS ONE 
Co. Ltd.). Then 125 cm3 artificial air which contain 500 ppm of acetaldehyde was 
injected into the bag. Photoirradiation was performed at room temperature after the  
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Figure 1. Photocatalytic measurement. 
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acetaldehyde had reached adsorption equilibrium. A light-emitting diodes (LED; 
Epitex, L435-30M32L), which emitted light at wavelengths of ca. 435 nm, was used 
as a light source, and its intensity was controlled by 3.0 m W cm-2. The concentration 
of acetone was observed by gas chromatography (Shimadzu GC-8A, FID detector) 
equipped with a Porapak N packed column and a methanizer (GL Science, MT-221) 
as a function of irradiation time. 
 
3. Results and Discussion 
3.1. Characterization of gMC and MC 
  Direct evidence of MC generation is determined by X-ray diffraction (XRD). After 
hydrothermal treated in ammonia solution, the obtained samples showed exactly same 
peaks with MC in XRD patterns (Fig. 2a and Fig. 3a).  Compare with bulk g-C3N4, 
the low-angle (13.1°) reflection peak which presumably relates to an in-plane 
structural packing motif was disappeared and newly appeared one peak at lower angle 
(10.5-10.8°) which supported the in-plane hexagonal pattern of channels [10]. It can be 
concluded that original in-plane structural of g-C3N4 had destroyed and generation of 
MC which tightly linked by hydrogen bonds to form a planar array. Along with higher 
concentration ratio of ammonia solution, the intensity of the strong interplanar 
stacking peak of aromatic systems around 27.3° (indexed as (002)) becomes higher 
and the interplanar reflection is shifted to slightly higher angles as compared to the 
bulk g-C3N4, which indicated closer packing in the nanoparticles. 
  Further evidence for the formation of the MC structure was achieved by measuring 
the Fourier transform infrared (FT-IR) spectrum as shown in Fig. 2b. The peaks in the 
region from 900 to 1800 cm-1 attributed to either trigonal C-N(-C)-C or bridging 
C-NH-C units were observed in all samples [11]. The peaks between 1750~1850 cm-1 
region were appeared after hydrothermal treated with ammonia solution. These peaks 
were originated from C=O vibration, which can indicated that melamine-cyanurate 
formed (Fig. 3b) [7, 9, 12].  
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Figure 2. (a) XRD pattern and (b) FT-IR spectrum of obtained samples after 
hydrothermal treated in different concentration ratio of ammonia solution. 
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Figure 3. (a) XRD pattern and (b) FT-IR spectrum of melamine-cyanurate.  
a 
b 
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Table 1. The specific surface area and elemental analysis of obtained samples after 
hydrothermal treated in different concentration ratio of ammonia solution. 
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  Elemental analysis revealed a C/N molar ratio of 0.66 and less than 2 wt% of 
hydrogen for bulk g-C3N4, and along with increasing the concentration ratio of 
ammonia solution, the content of C and N were decreased, while O and H was 
increased (Table 1). Moreover the pH of the solution became higher after 
hydrothermal treatment, indicated that -NH2 exchanged by O to form C=O bonding. 
The specific surface area of samples was also shown in Table 1, which was confirmed 
by the Brunauer-Emmett-Teller method. The specific surface area was firstly 
increased up to 20.3 m2 / g at 2 ml NH3 (aq) addition content, then decreased with 
increasing the concentration of ammonia solution (Fig. 4(a)). It can be seen from 
nitrogen sorption isotherms and pore size distributions calculated from desorption 
branch by BJH method (Fig 4(b)), With increasing the ammonia addition content, the 
mesopores (ca. 2 nm) partial of the obtained gMC was decreased dramatically, it is 
also the reason of SBET reduction.  
  A scanning electron microscope (SEM) was also used to investigate the textural 
structure and morphology as shown in Fig. 5 (a), (b), (c) and (d). Bulk g-C3N4 
displays the typical stacked lamellar structure. Compare with sheet-like morphology 
of bulk g-C3N4, the obtained samples showed rod-like morphology, and the diameter 
of nanorod increased up to around 500 nm, 700 nm and 3 µm, respectively, over the 
concentration ratio of ammonia solution became higher. That`s the reason for the 
specific surface area decreased (Table 1). A transmission electron microscopy (TEM) 
was used to further investigate the textural structure and morphology as shown in Fig. 
5 (e) and (f). Compared with bulk g-C3N4 which has smoothing surface, the surface 
of gMC became obviously bumpy.  
  Figure 6 shows UV-vis diffuse reflectance spectra (DRS). Compared with the 
spectrum of bulk g-C3N4, the spectrum of obtained samples were blue shifted along 
the concentration ratio of ammonia solution became higher. It can be predicted due to 
the MC appears as a white powder, and it can`t absorb any light at all (data is not 
shown). The conduction band of bulk g-C3N4 and gMC can be examined in detail by 
Mott-Schottky plot. The positive slope of Mott-Schottky plot reveals n-type  
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Figure 4. (a) N2 adsorption and desorption isotherms of alkaline treated g-C3N4 and 
(b) BJH pore size distribution derived from desorption branch of the isotherm of 
alkaline treated g-C3N4. 
 
a 
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Figure 5. SEM image of (a) bulk g-C3N4, (b) NH3 (aq) 2 ml, (c) NH3 (aq) 5 ml and 
NH3 (aq) 10 ml. TEM image of (c) bulk g-C3N4 and (f) NH3 (aq) 5ml.   
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Figure 6. UV-vis diffuse reflectance spectra of obtained samples after hydrothermal 
treated in different concentration ratio of ammonia solution.  
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Figure 7. (a) Mott-Schottky plot and (b) schematic diagram of electronic band 
structure of bulk g-C3N4 and NH3 (aq) 10 ml. 
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semiconductor characteristics of all obtained samples. The conduction band potentials 
of sample were calculated as -1.32 V vs. Ag/AgCl pH=6.7 and it was not changed 
even NH3 (aq) 10ml after hydrothermal treatment (Fig. 7). It can be predicted since 
MC was constituted by only C, N, H and O, no other elements exist. From TGA we 
can also confirm that unstable MC formed which decomposed easier (ca. 275 oC) than 
g-C3N4 (Fig. 8), and the higher concentration of introduced ammonia solution can 
promote generation of MC. According to UV-vis DRS and TGA also can confirmed 
that g-C3N4 existed in gMC, since gMC absorb the light (λ≤450 nm) and 10 wt% 
remained after 420 oC, respectively. 
 
3.2. Photocatalytic activity for acetaldehyde decomposition 
  The photocatalytic activities of the prepared samples were evaluated by CO2 
liberation from photocatalytic mineralization of acetaldehyde. Figure 9(a) shows the 
time course of CO2 evolution of the obtained samples. With increasing concentration 
ratio of ammonia solution, the photocatalytic activity increased gradually. In other 
words, the photocatalytic activity of gMC was increased by increasing the content of 
MC in gMC system. NH3 (aq) 5ml shows two times higher photocatalytic activity 
than bulk g-C3N4. NH3 (aq) 10ml shows the highest photocatalytic activity, which 
almost five times higher than bulk g-C3N4. The enhancement in activity should be 
attributed to oxidation active point changed from N side of g-C3N4 to O side of MC. 
  Typically, photoluminescence (PL) analysis was applied to investigate the 
migration, transfer and separation efficiency of photogenerated electrons and holes in 
semiconductor, since PL emission of semiconductor mainly arises from the charge 
carrier recombination. Fig. 9(b) displayed the PL spectra of the samples. The 
normalized PL spectra are acquired from the gMC powders using an excitation 
wavelength of 365 nm at room temperature. On one hand the main peak of g-C3N4 
was blue shifted. On the other hand new peak appeared at 437 nm in gMC samples. It 
can be explained in detail as follows, when MC was introduced in the g-C3N4, highly 
positive valence band formed by the O 2p orbital hybridization. The possible 
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Figure 8. Thermal gravimetric analysis for g-C3N4/melamine-cyanurate.  
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Figure 9. (a) Time courses of CO2 liberation from acetaldehyde decomposition and (b) 
photoluminescence spectra for obtained samples after hydrothermal treated in 
different concentration ratio of ammonia solution.  
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Scheme 1. Possible mechanism of g-C3N4/Melamine-cyanurate 
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mechanism was shown in Scheme 1. When the composite absorbs the visible light, 
electrons and holes will generated by the part of g-C3N4, then the generated holes will 
transferred into O site of MC, leave electrons behind. It not only made the oxidation 
site become oxygen which has higher decomposition efficiency, but also restrained 
the recombination rate of photogenerated electron-hole pairs via separation of 
oxidation site and reduction site. 
  As is known to all, CO2 liberation over the as-prepared samples may also root in 
attributed to decomposition of the samples. Therefore, we confirmed stability of 
obtained samples.  Figure 10 shows the time course of CO2 liberation (ca. ppm) over 
NH3 (aq) 10ml which has highest photocatalytic activity, in the absence of 
acetaldehyde. After irradiated by LED 435 for 24 hours, only slight CO2 liberation 
(20.5 ppm) was observed in NH3 (aq) 10ml, it was much smaller than CO2 liberation 
in the presence of acetaldehyde. Therefore, it confirmed that this 
g-C3N4/melamine-cyanurate composite photocatalyst displays excellent stability as a 
promising candidate in environmental remediation. 
 
4. Conclusions 
  g-C3N4/melamine-cyanurate composite was successfully fabricated by 
hydrothermal treated g-C3N4 in different concentration of ammonia solution. The 
optimized composite samples prepared in the present study showed almost five times 
higher photocatalytic activity in decomposition of acetaldehyde than bulk g-C3N4 by 
conversion oxidation site and reduce recombination rate of photogenerated 
electron-hole pairs. The results reported may provide a good reference for enhance 
photocatalytic activity of catalyst which has low oxidation ability. 
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Figure 10. Time course of CO2 liberation of NH3 (aq) 10 ml in the absence of 
acetaldehyde. 
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Chapter 4: 
Novel nanocomposite photocatalyst 
prepared by planetary mill treatment of the 
mixture of melamine and WO3 
  
 81 
 
1. Introduction 
  Photocatalysis with sunlight or indoor light has the potential to be a beneficial 
technology for the degradation of harmful volatile organic compounds. For indoor 
applications, the fraction of UV light available is very low; therefore, visible 
light-responsive photocatayssts are needed instead of UV-responsive photcatalysts 
such as TiO2. 
  Recently, WO3 has gained much scientific interest because WO3 is one of very few 
metal oxide semiconductor response to visible light illumination [1-7]. It exhibits a 
broad range of functional properties, such as its small band gap energy (2.4 eV to 
2.8 eV), deeper valence band (+3.1 eV), stable physicochemical properties, and strong 
photocorrosion stability in aqueous solution [8-10]. Moreover WO3 is a typical nontoxic 
semiconductor and relatively abundance in nature. Its good response capabilities and 
physico-chemical properties make it a promising material for visible-light-driven 
photocatalysis. 
  Although WO3 is a visible-light-responsive photocatalyst, but its photocatalytic 
activity toward organic substances is low. This is due to that the conduction band level 
of WO3 (+0.3-0.5V vs. NHE) is more positive than the potential for the 
single-electron reduction of oxygen (O2/O2
− = −0.56V vs. NHE; O2/HO2 = −0.13V vs. 
NHE) [11]. Therefore the inability of O2 to scavenge CB electrons in WO3 results in the 
fast recombination and the lower photocatalytic activity. 
  Recently, it has been reported that platinum-loaded tungsten oxide (Pt/WO3) 
exhibits high photocatalytic activity for the decomposition of aliphatic compounds 
under visible light because the surface platinum accelerates the multielectron 
reduction of dioxygen [12], which has more positive potential [E0 (O2/H2O2) = 
+0.695V NHE for two-electron reduction and E0 (O2/2H2O) = +1.229 V NHE for 
four-electron reduction than the one-electron reduction. Arai et al. reported that 
acetaldehyde and 2-propanol was completely oxidized to CO2 over a Pd/WO3 
photocatalyst under fluorescent-light irradiation [13].  
  In this paper, we obtained unknown substances via simply planetary milled WO3 
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and melamine, which can also completely oxidized acetaldehyde and 2-propanol to 
CO2 (the substance we obtained denote as MW). MW exhibits extremely high 
photocatalystic activity in decomposition of acetaldehyde under visible light. 
 
2.  Experimental  
2.1. Materials 
Melamine (Wako Pure Chemical Industries, Ltd.) and WO3 (Kojundo Chemical 
Laboratory Co.) were used as starting materials without further treatment. 
 
2.2. Preparation of MW 
The composite sample of WO3 and melamine was prepared as follows. Five hundred 
milligram of WO3 and melamine powders and 20 mL of deionized water were added 
to a 50 mL agate bowl containing 50 g of yttrium-stabilized zirconia grinding beads 
(Nikkato Co., = 0.6 mm). Then the agate bowl was put on planetary mill (Fritsch 
Japan Co., Planetary Micro Mill pulverisette 7) and the planetary mill was operated at 
750 r/m for 20 min. After removing the beads by screening, the sample was separated 
by filtration, washed with a lot of deionized water several times, and dried in a 
vacuum drying oven at 333 K overnight. As a reference, each sample, i.e., original 
melamine and WO3 was treated by the same procedure. TG-DTA was measured by 
using (Rigaku TG・TDA-8120H). 
 
2.3. Characterization 
Crystal structure of the obtained samples were characterized via X-ray 
diffractometer (Rigaku, MiniFlex II) with CuKα radiation (λ = 1.5405 A). The 
morphology of prepared particles was observed by field emission scanning electron 
microscopy (FE-SEM; JEOL, JSM-6701FONO). Diffuse reflectance (DR) spectra 
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were measured using a UV-vis spectrophotometer (Shimadzu, UV-2600) equipped 
with an integrating sphere unit (Shimadzu, ISR-2600 Plus). Functional group 
vibrations were confirmed by using a Fourier transform infrared spectrometer (FTIR; 
JASCO, FT / IR 4200) with a diffuse reflectance accessory (JASCO, DR-81).  
 
2.4. Photocatalytic measurement 
Before evaluation of the photocatalytic activity, each sample was irradiated with 
UV light using black light (UVP, XX-15BLB) in order to remove organic contaminant 
on the sample. The photocatalytic activity of the composite sample was evaluated by 
CO2 liberation from photocatalytic mineralization of acetaldehyde. One hundred 
milligrams of powder, which has complete extinction of incident radiation, was spread 
on the bottom of glass dish, and the glass dish was placed in a Tedlar bag (AS ONE 
Co. Ltd.). Then 125 cm3 artificial air which contain 500 ppm of acetaldehyde was 
injected into the bag. Photoirradiation was performed at room temperature after the 
acetaldehyde had reached adsorption equilibrium. A light-emitting diodes (LED; 
Epitex, L435-30M32L), which emitted light at wavelengths of ca. 435 nm, was used 
as a light source, and its intensity was controlled by 1.0 m W cm-2. The concentration 
of CO2 was observed by gas chromatography (Shimadzu GC-8A, FID detector) 
equipped with a Porapak N packed column and a methanizer (GL Science, MT-221) 
as a function of irradiation time. 
 
3.  Results and discussion 
3.1. Characterization of MW 
Figure 2 shows the X-ray diffraction (XRD) patterns of commercial WO3, 
planetary milled WO3 (PM-WO3) and MW. After planetary mill, there were some new 
peaks appeared at around 12.8o and 24.3o which was classified to H2WO4▪H2O 
[14] and 
16.5o which was classified to WO3▪H2O 
[15]. PM-WO3 also contains the characteristic 
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Figure 1. Photocatalytic measurement.  
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peaks of WO3 suggesting that after planetary milled in water, WO3 partially gained 
H2O from water to form H2WO4▪H2O and WO3▪H2O. MW appeared some new peaks 
in low angle reflection peak at 7.8o, 8.7o, 10.6o, 12.6o and 15.3o, which was belongs to 
neither melamine nor WO3 (H2WO4▪H2O and WO3▪H2O). Therefore, it can be 
considered that firstly melamine is easier to react with WO3 than H2O, and secondly, 
melamine is excessive compared with WO3. There are two possibilities to illustrate 
appearance of new peaks, the first: melamine condensed to form new arranged 
substance like melam [16], melem [17] and melon during planetary mill; the second: 
there might be some reaction occurred between WO3 and melamine during planetary 
milled.  
Functional groups of commercial WO3, PM-WO3, MW and melamine were 
confirmed by FT-IR spectroscopy. As shown in Fig. 3, the broad peak in the range of 
3000-3750 cm-1 appears in PM-WO3 which is attributed to O-H stretching vibration. 
The rest characteristic IR peaks of PM-WO3 was similar to that of commercial WO3, 
peak about 1030 cm-1 originated from W-O shifted to 1020 cm-1 by planetary mill in 
water. The shift is presumably attributed to O-H…O-W linkage between WO3 and 
H2O is formed during planetary mill. As can be seen from the experimental results of 
the above, the cracking and heat maybe activate WO3 to easily share unstable O with 
H2O by hydrogen bond. The characteristic IR peaks of MW, peak about 1030 cm
-1 
originated from W-O shifted to 973 cm-1, peak about 3000-3750 cm-1 also shifted. The 
hydrogen bond of N-H…O-W linkages between WO3 and melamine leads the W-O 
and O-H stretching vibration to a lower frequency. Peaks in the region from 900 to 
1800 cm-1 attributed to either trigonal C-N(-C)-C or bridging C-NH-C units was 
observed in the both melamine and MW. However, the strength of the peaks were 
rather different and some new peaks appeared in MW, especially 810 cm-1 can be 
detected which originated from tri-s-triazine unit. All the peaks except W-O vibration 
peak, attributed more likely as g-C3N4 
[18]. Generation of g-C3N4 during blend WO3 
and melamine is difficult to determine, but the results can be the evidence for 
condensation of melamine was in progress. 
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Figure 2. XRD pattern of obtained samples after planetary mill.   
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Figure 3. FT-IR spectrum of obtained samples after planetary mill.  
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UV-vis DR spectra are shown in Fig. 4. Compared with the spectrum of 
commercial WO3, the spectrum of PM-WO3 was red shifted, which probably due to 
H2WO4▪H2O and WO3▪H2O were presented. On the other hand, MW was not shifted 
at all, it can be confirmed that after the process of planetary milled WO3 with 
melamine, there is little of the generated condensed melamine remained in MW. The 
authentic contents of the generated condensed melamine will be discussed later by 
TGA. Since photo-absorption in the longer wavelength of 500 nm is attributed to W5+ 
state in WO3, we can conclude that after planetary mill the contents of W
5+ decreased 
in PM-WO3 and MW, which means during planetary mill process WO3 provide some 
electrons to the system in order to generate WO3▪XH2O and MW, respectively. 
Moreover, MW lost more electrons than PM-WO3, which probably attributed to MW 
donate electrons to reduce O2 in atmosphere.            
  Thermal gravimetric analysis was used to confirm the constitution of MW (Fig. 2). 
There were two abrupt peaks, after planetary mill. First losing weight started from 
275 oC, which is lower temperature than pure melamine at 290 oC. It can be one of the 
evidences that melamine condensed during planetary mill of WO3 and melamine. 
There is 84.5 wt% of WO3 remained and presented as unknown substance. The the 
weight of the sample decreased rapidly in the temperature range 275-400 oC. It 
indicates that the sublimation and thermal condensation of melamine occurred in this 
temperature range at the same time. Second losing weight started from round 400 oC, 
it probably originated by thermal condensed melamine. The substance obtained by 
melamine condensation was as unstable as melamine, can be start decomposed at 275 
oC. At around 335oC probably more condensed substance of melamine was generated. 
Figure 5 shows SEM images of PM-WO3 and MW, HR-TEM image of MW 
(inside image for higher expansion HR-TEM). According to Fig. 5(a) the morphology 
of PM-WO3 almost unchanged contract with commercial WO3, although H2WO4▪H2O 
and WO3▪H2O have been generated. MW showed WO3 agglomerated with substance. 
WO3 can be observed and the morphology is also almost unchanged, but no general 
morphology of melamine can be observed after planetary mill. From HR-TEM image, 
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Figure 4. UV-vis diffuse reflectance of obtained samples after planetary mill.  
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Figure 5. Thermal gravimetric analysis for obtained samples after planetary mill.  
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Figure 5. SEM image of (a) PM-WO3, (b) MW, and TEM image of (c) MW. Inserted 
image is high expansion HR-TEM of MW.  
(a) (b) 
(c) 
500 nm 500 nm 
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connected with each other by condensed melamine. From higher expansion HR-TEM 
almost of WO3 are surrounded by condensed melamine, and the particles of WO3 are 
image (Fig. 5(c)), the substance around WO3 shows different lattice distance with 
WO3, which can be the evidence for exist of condensed melamine. Fig. 6 shows 
HAADF-STEM and EDS mapping images of MW, indicating that element N and C 
(belongs to melamine), were dispersed evenly on the WO3 surface. 
  To further reveal the chemical state changes of elements, Xray-photoelectron 
spectroscopy was investigated, as shown in Fig. 7. The two main peaks indicate that 
unknown substance is primarily composed of carbon and nitrogen. There are mainly 
two carbon species presented in the C1s spectra for MW (Fig. 7 (a)). One (284.8 eV) 
is sp2 C−C bonds, and the other one (288.5 eV) is sp2-hybridized carbon in 
N-containing aromatic ring (N−C=N). Figure 7(b) shows the N1s XPS spectrum of 
MW. The binding energy of this peak is equal to 399.4eV with FWHM of 2.2. This 
peak shows an asymmetry in the right part and π-excitation. The N1s XPS spectrum 
was deconvoluted into three peaks at 398.8, 399.5 and 400.5 eV with FWHMs around 
1.4 with an intensity ratio of the first and the second peaks of almost 1:1. The nitrogen 
atoms have two chemical states in melamine: C=N-C and C-NH2 with state ratio 1:1. 
Estimation of the charge on the nitrogen atom for these two groups [19] has shown that 
in the C-NH2 group nitrogen atoms have more negative charge than the one in the 
C=N-C group. Therefore, the peaks at 398.8 and 399.6 eV were attributed to C-NH2 
and C=N-C bonds, respectively. We cannot identify the peak at 400.5 eV by simple 
chemical interaction. It is possible one can use two states as in case of aniline. In that 
case the –NH2 group has two features in N1s XPS peak one of them is at 400.5 eV. 
However, according to other reports about g-C3N4 
[20], The highest peak centering at 
398.8 eV is regarded as the sp2-hybridized nitrogen involved in triazine rings 
(C-N=C), whereas the peak at 400.5 eV corresponds to the tertiary nitrogen N-(C)3 
groups. Both of them together with sp2-hybridized carbon (N-C=N, 288.5 eV) 
confirm the existence of the heptazine heterocyclic ring unit, which is the basic 
substructure unit of gC3N4. Therefore, it is still hardly to confirm the substance   
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Figure 6. HAADF-STEM and EDS mapping images of MW. 
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Figure 7. (a) The C1s XPS spectrum for MW, and (b) The N1s XPS spectrum for 
MW.  
C 1s 
N 1s 
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obtained after planetary mill of WO3 and melamine. 
3.2. Photocatalytic activity 
  The photocatalytic activities of PM-WO3 and MW are evaluated by the 
photodegradation of a common air pollutant of acetaldehyde under visible-light 
irradiation. The photocatalytic activity was examined by measuring the production of 
CO2. Figure 8(a) shows the time course of CO2 liberation of PM-WO3 and MW. 
PM-WO3 showed high CO2 liberation rate at beginning of photoirradiation, but CO2 
liberation was stopped in longer photoirradiation at 500 ppm before reaching 1000 
ppm (means complete decomposition of 500 ppm acetaldehyde), which was similar 
phenomenon with commercial WO3. PM-WO3 can partially decompose acetaldehyde 
to formaldehyde or formic acid with CO2 liberation, but it cannot completely 
decompose these molecules to CO2 without efficient electron consumption. By 
contrast, MW showed extremely high CO2 liberation rate at beginning of 
photoirradiation, almost 600 ppm of CO2 was generated in first 60 minutes. Moreover, 
there was no saturation tendency of CO2 liberation as irradiation time and larger 
amount of CO2 liberation for 24 hours. This implies that electron consumption in MW 
was promoted, since it is considered that the positive conduction band level is one of 
the reasons for the difficulty of O2 reduction and the low photocatalytic activity of 
pure WO3. On account of melem and melam only constituted by C, N, H and O, 
therefore with more negative CB potential than that of WO3 and one-electron 
reduction potential of O2, plausible mechanism is electrons transfer from WO3 to 
melem and melam then it used in O2 reduction. Therefore because the electronic 
consumption can be proceeding in MW system, the probability of the rapid 
recombination of electron–hole pairs in the WO3 can be reduced, this is the reason 
why MW showed completely decomposed acetaldehyde and higher photocatalytic 
activity. Moreover, the CO2 liberation almost stopped after irradiate for 24 hours and 
almost no more CO2 were generated longer irradiation, indicated that MW was stable 
enough for self-decomposition. 
In addition, 2-propanol, which is a very persistent harmful volatile organic  
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Figure 8. (a) Time courses of CO2 liberation from acetaldehyde decomposition and (b) 
2-propanol decomposition for obtained samples after planetary mill.  
a 
b 
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compound, was completely oxidized over MW. In contrast, complete oxidation of 
2-propanol did not occur over commercial WO3 and PM-WO3 (Fig. 8(b)). 
 
4. Conclusions 
In this study, we fabricated MW by simple planetary mill. Acetaldehyde can be 
completely decomposed by MW under visible light irradiation which can`t by 
commercial WO3 or PM-WO3. MW is a promising new photocatalyst for purification 
of various environmental pollutants under visible light irradiation. 
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General conclusions 
This thesis has presented the g-C3N4-based and the WO3-based “solar 
environmental catalyst” for decomposing harmful organic pollutants at atmosphere or 
decomposing dyes at liquid phase by effectively utilizing visible light as an energy 
source.  
Chapter 1 describes the composite photocatalyst of g-C3N4 and WO3, which shows 
higher photocatalytic activity in decomposing acetaldehyde than both precursors, 
respectively. The composite photocatalyst shows highest photocatalytic activity, when 
the blending weight ratio up to 1:1. The mechanism of composite photocatalyst is 
carefully discussed. According to the improvement of photocatalytic activity and the 
changes of UV-Vis diffuse-reflectance spectroscopy, Z-scheme is confirmed as 
mechanism of composite photocatalyst. Photogenerated electrons of WO3 are 
consumed by photogenerated holes of g-C3N4, remains holes in WO3 and electrons in 
g-C3N4. Therefore, not only composite photocatalyst shows high oxidation ability of 
WO3 and reduction ability of g-C3N4, but also separated the oxidation site and 
reduction site to suppress recombination reaction. Moreover, the hydrothermal 
treatment in alkaline solution is used to modify g-C3N4, for increase the specific 
surface area. Higher specific surface area is improved photocatalytic activity of 
g-C3N4 and furthermore improved photocatalytic activity of composite photocatlyst. 
Chapter 2 describes synthesis morphology controlled g-C3N4. Improve specific 
surface area is confirmed as one of way to increase photocatalytic activity of g-C3N4. 
With two-step condensation method we successfully fabricated high specific surface 
area g-C3N4 with nanotube morphology. H12-C3N4 shows the highest photocatalytic 
activity which was almost 12 times higher than bulk g-C3N4 in decomposing Rh B. 
The reason for improvement should be the higher specific surface area and nanotube 
morphology, which attributed to oxidation site and reduction site are separated by 
nanotube morphology that suppress the recombination reaction. 
Chapter 3 describes synthesis g-C3N4/melamine cyanurate (gMC) by hydrothermal 
 100 
 
treatment g-C3N4 in alkaline solution under high temperature. Melamine cyanurate 
presence in the frame of g-C3N4, provide a new valance band in tri-s-triazine system. 
The new valance band probably constitute by O element, provide more positive 
valance band to modified oxidation ability of g-C3N4. Moreover, the oxidation site 
change from N side of g-C3N4 to O side of melamine cyanurate is leading to reaction 
sites separate thus suppress the recombination reaction to improve photocatalytic 
activity of composite g-C3N4/melamine cyanurate. 
Chapter 4 describes new substance that obtained by planetary milling treatment of 
WO3 and melamine. The new substance shows extremely high photocatalytic activity, 
moreover it can completely decomposed acetaldehyde and 2-propanol, respectively. It 
can be inferred that new substance presence surround WO3 probably act as a rout of 
electrons, that consume photogenerated electrons of WO3 in atmosphere. Therefore, 
resolve the problems of limited WO3 as a photocatalyst, that low conduction band 
position.  
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